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ABSTRACT
The structural and conformational organization of
chromosomes is crucial for gene expression reg-
ulation in eukaryotes and prokaryotes as well. Up
to date, gene expression data generated using ei-
ther microarray or RNA-sequencing are available for
many bacterial genomes. However, differential gene
expression is usually investigated with methods con-
sidering each gene independently, thus not taking
into account the physical localization of genes along
a bacterial chromosome. Here, we present WoPPER,
a web tool integrating gene expression and genomic
annotations to identify differentially expressed chro-
mosomal regions in bacteria. RNA-sequencing or
microarray-based gene expression data are provided
as input, along with gene annotations. The user
can select genomic annotations from an internal
database including 2780 bacterial strains, or provide
custom genomic annotations. The analysis produces
as output the lists of positionally related genes show-
ing a coordinated trend of differential expression.
Graphical representations, including a circular plot
of the analyzed chromosome, allow intuitive brows-
ing of the results. The analysis procedure is based
on our previously published R-package PREDA. The
release of this tool is timely and relevant for the
scientific community, as WoPPER will fill an exist-
ing gap in prokaryotic gene expression data analy-
sis and visualization tools. WoPPER is open to all
users and can be reached at the following URL:
https://WoPPER.ba.itb.cnr.it
INTRODUCTION
There is a complex interaction between chromosome or-
ganization and gene expression in bacteria, influencing the
transcription of large sets of genes. Global changes in the
bacteria transcriptional program are elicited in response to
different conditions and stresses. These changes depend on
a complex regulatory network, as well as on the physical
organization of the chromosome (1–4). Transcription reg-
ulation and the genome structural organization have been
defined by evolution allowing adaptation to multiple en-
vironmental pressures (5,6). Recently, the use of chromo-
some conformation capture (3C)-based techniques allowed
exploring the architecture of some bacterial genomes, thus
relating 3D genome structure and transcription profiles in
bacteria (7–10).
Despite numerous evidences of correlation between ex-
pression patterns and physical localization of genes along
the chromosomes ever since the early days of genome-wide
studies (11–14), still transcriptional data are mostly ana-
lyzed using methods considering each gene independently.
Only a few methods integrate quantitative transcriptional
data and structural information for the identification of dif-
ferentially expressed chromosomal regions (15–17).
Here, we present WoPPER, a web tool for the analysis
of differential gene expression in bacteria that integrates
transcriptional data and gene localization. WoPPER de-
tects groups of physically contiguous genes characterized
by similar, differential transcriptional profiles. The anal-
ysis procedure is based on our previously published R-
package PREDA (18). The core of themethod is the Locally
Adaptive Procedure (LAP) algorithm (17), whichwas devel-
oped to identify clusters of genes with coordinated expres-
sion pattern. Differently from other methods used to de-
tect chromosome co-expression maps (19), LAP integrates
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gene location and local gene density with differential ex-
pression data. This is achieved by applying a locally adap-
tive smoothing to the statistical score for differential ex-
pression over the positional coordinates of genes along the
genome. This procedure, on the one hand takes into account
local variations in gene density, while at the same time it
is independent of any pre-defined assumptions on genome
size, global gene density and distribution. LAP has already
been used to analyze bacterial time-course gene expression
data (20) and to compare transcriptomic data from high-
and low-antibiotic producers (21). In both cases the analysis
gave a clear view of how extended genomic regions were al-
most completely up- or downmodulated during the shift be-
tween exponential and stationary growth phases, highlight-
ing the induction or repression of primary and secondary
metabolism along the time course, and revealing major dif-
ferences in chromosomal transcription between high- or
low-producers strains (20,22).
To facilitate the application of PREDA to transcriptional
data from prokaryotes, we developed WoPPER a user-
friendly web tool for Position Related data analysis of gene
Expression in Prokaryotes. The tool analyzes both RNA-
seq and microarray gene expression data, to identify clus-
ters of genes with coordinated expression pattern along the
chromosomes, considering the two genome strands either
separately or together. WoPPER contains a pre-compiled
internal database of genome annotations for 2780 bacte-
rial strains (including all their annotated plasmids). It can
work also on custom genomic annotations provided by the
user. The analysis returns as output a list of genomic re-
gions comprising genes with a coordinated trend of differ-
ential expression. Furthermore, multiple graphical repre-
sentations allow intuitive and user-friendly browsing of the
results.
To the best of our knowledge, no other web tool is cur-
rently available for the integrative analysis of transcriptional
expression data and genomic positions in bacteria. Two
other web tools, i.e. NuST (1) andGREAT (23), can in prin-
ciple analyze positional patterns of bacterial genes. Never-
theless, they perform completely different types of analysis
as compared to WoPPER.
In particular,NuST (Nucleoid Survey Tools) is a web tool
for the analysis of Escherichia coli genomics features (genes
or other loci). NuST analyzes a pre-selected user-defined list
of genomic features at multiple scales of observation to as-
sess their clustering along the genome (1).
The Genome Regulatory Architecture Tools (GREAT),
is a set of online tools for the analysis of user-defined lists of
genomics features (23). A tool withinGREAT can also ana-
lyze DNA sequences to identify transcription factors bind-
ing sites. However, the focus of GREAT is on the identifi-
cation of periodicity patterns in the positions of genomics
features (24). GREAT in principle canwork on any genome,
as it requires just the genome size as input annotation.How-
ever, the online tool has pre-loaded annotations only for E.
coli and Bacillus subtilis.
Differently from both NuST and GREAT, WoPPER:
(i) does not analyze just the position of genes, but also
uses quantitative expression data for each gene (Log2-fold-
change across conditions); (ii) does not use as input a pre-
filtered list of genes, considering instead the entire genome-
wide expression profile; (iii) can perform the analysis also
on separated strands, to identify strand-specific patterns;
(iv) can analyze data from virtually every bacteria with a
sequenced genome, as it contains the genomic annotations
for all of the NCBI complete bacterial genomes pre-loaded
in its internal database and it allows users to load custom
annotations.
In principle WoPPER can be used to analyze any
prokaryotic microarray or RNA-seq dataset, thus helping
the scientific community to get a comprehensive view of
how prokaryotic gene expression is related to chromosomes
structure, and filling an existing gap in prokaryotic gene ex-
pression data analysis and visualization tools.
WEB SERVER DESCRIPTION
WoPPER architecture is composed by: (i) an input data web
manager; (ii) a database containing all the complete bacte-
ria genomes annotations from NCBI; (iii) a backend based
on PREDAR package for the analysis; and (iv) a web mod-
ule for the visualization of the results and interactive graph-
ics.
Figure 1 shows WoPPER workflow steps.
Input description
Gene Expression Data file. WoPPER requires as input at
least one Gene Expression Data file (GED file) containing
the genome-wide differential expression levels across two
conditions of interest. Expression data are in the form of
Log2 ratios, also called Log2-fold-change values (Log2FC).
Log2FC values can be easily obtained from most widely
used gene expression analysis tools for RNA-seq (24,25)
or microarrays (26). Most importantly, the GED file must
contain the Log2FC for all available genes, i.e. no gene
has to be filtered out even if its transcriptional modula-
tion is marginal. The GED is a plain-text file containing at
least two columns: one for the gene names and one for the
Log2FC values. Gene names must match those provided in
the genome annotation, as WoPPER will use this informa-
tion to connect expression data and gene coordinates.
Genome annotation database. A large collection of anno-
tations for bacterial genomes is available in the WoPPER
internal database. It includes all completely sequenced
bacteria genomes and annotations derived from NCBI
(ftp://ftp.ncbi.nlm.nih.gov/genomes/archive/old refseq/
Bacteria/), for a total of 2780 bacterial strains, including
2970 chromosomes and 2188 plasmids (Supplementary
Table S1). Organisms with multiple chromosomes are
reported with multiple records, i.e. one per chromosome,
which implies that WoPPER analysis on these bacteria
must be conducted one chromosome at a time.
Custom genome annotation. In case the genome of inter-
est is not present in the internal database, a custom genome
annotation file can be provided. Standard BED6 or GFF
formats can be used (see https://genome.ucsc.edu/FAQ/
FAQformat for format specifications), as well as delimiter-
separated text files containing at least five columns: chromo-
some name, gene coordinates (start–end), gene names and
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Figure 1. Overview of WoPPER data analysis workflow. In the orange el-
lipses the user-defined input data are reported: the Genome Annotation
File can be selected from the internal database or, alternatively, a custom
annotation can be provided by the user. The yellow boxes report the main
steps for GED file pre-processing. The analysis steps and computations
performed by PREDA algorithm are represented by green boxes. For each
execution,WoPPERprovides one Tabular output reporting the list of iden-
tified gene clusters with significant variations, and two visual representa-
tions where the clusters and genes are plotted on bacterial chromosomes
in circular (Circular plot) and in linear view (Linear plot), represented at
the bottom.
strand of transcription. WoPPER online help provides full
description of the accepted formats.
Analysis description
WoPPER is based on PREDA (Position RElated genomics
Data Analysis), a Bioconductor R package to identify clus-
ters of genomic features with coordinated patterns of ex-
pression in genomic data. The core of the PREDA anal-
ysis method is the LAP. LAP uses a locally adaptive ker-
nel smoothing function (lokern) to integrate gene expression
data and the physical position of genes along the genome.
This smoothing function accounts for the heterogeneous
distribution of genes along the chromosome. The signifi-
cance of local maxima and minima in the smoothed ex-
pression data is estimated against the expected null distri-
bution. Namely, the observed smoothed data are compared
to random expectations (null distribution) empirically esti-
mated by repeated permutations of expression values asso-
ciated to each gene, followed by application of the smooth-
ing function. Within WoPPER, PREDA functions are used
to identify regions (clusters) of genes with increased (upreg-
ulated) or decreased (downregulated) expression between
the compared conditions of interest. As compared to the
original PREDA package,WoPPER introduces several ma-
jor improvements, as: (i) a user-friendly web interface that
does not require any programming skills; (ii) the integration
with a large database containing all the prokaryotic com-
plete genome sequences available at NCBI; (iii) the ability
to manage gene expression data generated by both RNA-
seq or microarray and to analyze them considering the two
genome strands of transcription either separately or to-
gether; and (iv) a user-friendly and browsable graphical vi-
sualization of the results.
Separated versus non-separated strands analysis. WoPPER
can analyze the transcriptional data considering separately
or not the position of genes on the positive and negative
strand. The ‘separated strands’ analysis is functional to
identify strand-specific patterns of expression. This is par-
ticularly useful in bacteria wheremultiple genes on the same
strand might be transcribed together as operons. However,
this type of analysis is recommended only for genomes
having more than 2000 genes, as on smaller genomes the
smoothing and permutation steps of WoPPER would be
based on few data points, thus yielding noisy statistics.
Output description
WoPPER provides three types of output: Tabular Results,
Circular Plots and Linear Plots (Figure 2). Results are
stored for 15 days and are retrievable using a web link which
is reported at the top of the WoPPER::Results page and,
upon completion of the analysis, is sent by email to the user-
provided email address (optional).
Tabular results. WoPPER reports a table with a list of
identified gene clusters (i.e.: groups of spatially associated
and similarly regulated genes). For each cluster the table
contains: start and end coordinates; its size and strand (if
strand-specific analysis was performed); the number and
names of genes belonging to the cluster; the expression
trend (red or green arrows indicating up- or downregu-
lated clusters, respectively); the averageLog2FCvalue of the
genes in the cluster and its standard deviation. By default,
clusters are sorted by start coordinate, but users can browse
the results by ordering and filtering them according to any
field. The tabular output can be downloaded as a plain-text
file.
Circular plots. The circular plot represents the bacterial
chromosome as a circle in which genomic features and gene
clusters are visualized. This is particularly useful to high-
light cluster densities, location and strand specificity all in
one intuitive plot. Pop-up windows allow the users to re-
trieve information for clusters of interest. The circular plot
can be downloaded either as Portable Network Graphics
(PNG) or Scalable Vector Graphics (SVG) files for high-
quality images.
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Figure 2. Schematic representation of WoPPER analysis of RNA-seq Gene Expression Data (GED) by Peano et al. (29). (A) Gene Expression Data are
obtained from an RNA-seq experiment in which Burkholderia thailandensis (E264 strain) response to growth in oxygen limiting condition was analyzed:
i.e. growth at 37◦C in static compared to shaking culture conditions. The experimental design and workflow are schematically represented. (B) Example
of tabular output layout obtained by WoPPER. (C) Circular plots representing the two B. thailandensis chromosomes with genes (gray lines) and clusters
plotted over chromosomal coordinates. Clusters identified by WoPPER analysis on separated strands are colored in RED (upregulated clusters) and
GREEN (downregulated clusters). (D) Linear plot representations of the two B. thailandensis chromosomes in linear coordinates. Each colored red or
green dot represents a cluster up- or downregulated, respectively: X-axis coordinate represents its middle position along the chromosome, Y-axis coordinate
reports the average Log2FC for genes within each cluster, the dot size is proportional to the cluster width. An orange or blue line connects clusters identified
on the plus or minus strands, respectively. Alternative color blind friendly color schemes for both the circular and linear plots can be interactively selected
in the online interface.
Linear plots. The linear graph represents the gene clus-
ters (colored dots) along bacterial chromosome coordinates
(X-axis) with their respective average Log2FC values (on
the Y-axis). This plot can help users in the identification of
stretches of similarly regulated clusters. When performing a
‘separated strands’ analysis, two different lines connect the
cluster dots, allowing the distinction between the clusters
belonging to different strands. Linear graphs can be saved
as PNG or SVG files.
More detailed descriptions of the input and output data,
analyses and interactive visualizations are provided in the
online Tutorials and Help pages.
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Implementation
The web server is based on a lightweight and flexible PHP
Content Management System (Typesetter––https://www.
typesettercms.com/). A specialized RESTful module is re-
sponsible for asynchronous communication with the web
interface that manages: (i) file upload and validation; (ii) ex-
ecution monitoring; and (iii) analysis results and interactive
graphs visualization.
The web front-end, on the client side, is CSS3 and
HTML5 compliant. It adopts a Bootstrap Framework
(http://getbootstrap.com/) for responsive and mobile-
first web design features. The JavaScript libraries are
implemented in ECMAScript6 and the web pages
built upon Google AngularJS (http://angularjs.org/).
For the interactive visualization of the results we
used C3.js (http://c3js.org/) and GenomeD3Plot
(https://github.com/brinkmanlab/GenomeD3Plot), both
based on D3 JavaScript library (https://d3js.org/).
Session management and results availability. For each
analysis a unique 16-characters Experiment ID and asso-
ciated folders on the server, to store input data and analysis
results, are created. The random key, used in the results web
link, will guarantee a safe and stable user access to the anal-
ysis results.
Server and browser compatibility. The whole system is de-
ployed on a local server with 64 GB RAM and 16-core
CPUs which ensures an efficient performance also with a
heavy user access.
Thanks to the standards adopted (CSS3, HTML5, EC-
MAScript6 JavaScript), WoPPER can work on any recently
updated browser.
CASE STUDY RESULTS
The tutorials available online on WoPPER website pro-
vide representative case studies, including ready to execute
working examples and sample input (GED files) derived
from previously published microarray or RNA sequencing
datasets (27–30).
Among the examples provided we will herein describe the
results obtained by re-analyzing with WoPPER the GED
file of anRNAseq experiment onBurkholderia thailandensis
in response to various environmental cues (29). Burkholde-
ria thailandensis is considered a model organism for the
human pathogen Burkholderia pseudomallei, and is itself a
pathogen for invertebrates (31,32). Thus, the RNAseq anal-
ysis aimed at investigating the gene expression response to
environmental stimuli associated to the host infection, such
as low oxygen availability (29). The complete step-by-step
tutorial for this case study is provided as Supplementary
File 1.
Figure 2A summarizes the experimental workflow and
the first steps of the analysis of gene expression response
to oxygen limitation. Figure 2B–D show the different types
of output returned by WoPPER.
The circular plots (Figure 2C) provide an overview of
the location of differentially expressed gene (DEG) clus-
ters. A prominent trend of chromosome 1 upregulation (318
genes in 18 upmodulated clusters and only 187 genes in 9
downmodulated clusters) and the general downregulation
of chromosome 2 (only 22 genes in 4 upmodulated clus-
ters and 168 genes in 17 downmodulated clusters) can be
noted. This result is in agreement with previous observa-
tions (29) that oxygen limitation increases expression of pri-
mary metabolism genes, mostly located on chromosome 1.
In this case study, WoPPER analysis was performed on
separated strands for both chromosomes. However, it can
be noted that DEGs on chromosome 1 (mainly upregu-
lated, RED) show a more evident strand-specific pattern
of expression in comparison to those on chromosome 2.
The genes included in the clusters without a strand-specific
pattern of expression (mainly DOWN regulated, GREEN)
are genes prevalently encoding for secondary metabolites
or belonging to functional categories linked to secondary
metabolism (data not shown). The observation that clus-
ters of genes involved in secondary metabolism appears to
be regulated in a strand-independent manner is in agree-
ment with previous works (20,22). This is also consistent
with the hypothesis that these genomic regions could repre-
sent a dynamic portion of the chromosome, which can read-
ily acquire novel genes. Moreover, unidirectional transcrip-
tional regions are typical instead of chromosome portions
inwhich genes involved in primarymetabolism are clustered
(33). Thus, the simple visual inspection of WoPPER circu-
lar output plots allows extracting relevant information on
the main effect of growth in oxygen limiting conditions on
B. thailandensis transcriptome regulation.
In order to assess the relevance of WoPPER in character-
izing B. thailandensis response to anoxia, we compared the
list of DEGs published by Peano et al. (29) to the genes clus-
tered by WoPPER, as listed in the tabular output file. This
highlighted how WoPPER analysis improves the detection
of complete operons within the genomic regions resulting
significantly up- or downregulated, both on chromosome 1
and 2 (Supplementary Table S2). In this comparison the list
of previously published DEGs was filtered imposing either
stringent parameters (adjusted P-value≤ 0.01 and Log2FC
≥ 1 orLog2FC≤ -1) ormore relaxed ones (adjustedP-value
≤ 0.05 and Log2FC ≥ 0.866 or Log2FC ≤ -0.722). The
last two Log2FC filtering parameters are the average values
of log2FC calculated by WoPPER respectively for up- or
downregulated clusters. We noted that WoPPER enhances
the numbers of complete operons both in up- or downreg-
ulated regions, despite a slight difference between the to-
tal number of clustered genes and the number of previously
publishedDEGs (29). The total number of modulated com-
plete operons is increased on average about 2-fold. Whereas
if considering separately up- or downregulated operons the
increase is 1.4- and 3.5-fold, respectively.
The results obtained withWoPPER provide a more com-
plete view of how anoxia induces a genome-wide effect
on gene expression deregulation of complete operons. This
might induce to some extent an ‘opening’ of wide portions
of chromosome 1, for a fast activation of operons involved
in primary metabolism, to facilitate quick adaptation to the
adverse conditions that the bacterium could encounter dur-
ing systemic host infection.
To determine ifWoPPER analysis could add useful infor-
mation from a functional point of view, the same lists of pre-
viously reported DEGs were also analyzed by performing a
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functional enrichment analysis. Three of the functional cat-
egories previously found to be significantly enriched with
adjusted P-value < 0.05 (29) (i.e. ‘translation ribosomal
structure and biogenesis,’ ‘energy production and conver-
sion’ and ‘nucleotide transport and metabolism’) were con-
firmed in our new analysis (Supplementary Table S2 re-
ports results of Fisher exact test after Bonferroni’s multiple
testing correction). Moreover, WoPPER analysis was able
to generate one more functional category significantly en-
riched (i.e. ‘defense mechanisms’). Thus the analysis per-
formed with WoPPER reinforces the observations derived
from the standard gene expression analysis. It also adds new
insights into the pathways involved in the response to oxy-
gen limiting conditions and governing the mechanisms tan-
gled in systemic host infection.
CONCLUSION
WoPPER is, to our knowledge, the first web tool that in-
tegrates transcriptional expression data and genomic an-
notations to identify groups of physically contiguous genes
characterized by regional differential expression in bacterial
genomes.
It can analyze any RNA-seq or microarray-based gene
expression dataset from any microorganism with a se-
quenced and annotated genome. Through a user-friendly
web interface that does not require any programming skills,
WoPPER returnsmeaningful graphical visualizations of the
results.
We believe that WoPPER will provide researchers with
novel and informative insights regarding the correlation be-
tween gene expression and chromosomal organization in
bacterial genomes.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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